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• Reionization is by definition a radiative 
transfer problem

• Radiative feedback:

–Negative: floor on Tvir of galaxy halo

–Negative: dissociation of molecules

–Positive (on reionization itself): Pressure
smoothing reduces recombination rate

• (Galaxy formation during) the EoR is thus a 
radiation-hydrodynamics problem

Simulations of 
the Epoch of Reionisation



• Gas consumption time scale at the threshold for 
molecule formation (~1 Gyr) > age of Universe

• Accretion rate is very high and (for individual 
objects) rapidly increasing  difficult for feedback 

to react

• Few galaxies above the quenching limit

Simulations of the EoR: 
differences with low z

Consequently, compared to lower redshifts

• Galaxy evolution may be less self-regulated 

• AGN feedback less important

• Galaxy and dark halo growth may be more similar

• Galaxy evolutionary trends are easier to model



• The dark haloes hosting the sources

• The sizes of intergalactic photon sinks
(Lyman limit systems) in

– The neutral IGM

– The mostly ionized IGM

– The star forming regions (to model fescape)

• The Jeans scales relevant for photon
sources (star formation sites) and radiative
losses of feedback energy (ISM)

Simulations of the EoR
need to resolve:



• Need 100 particles to robustly identify a 
halo (or star cluster)

• Mass of objects quenched by photo-heating
~108 M



 30 cMpc box for 10003 particles

 Maximum spatial resolution ~ 300 cpc ~ 30 pc

• Mass of objects quenched by photo-
dissociation ~105 M



 3 cMpc box for 10003 particles

 Maximum spatial resolution ~ 30 cpc ~ 3 pc

Resolving the dark haloes 
hosting the sources



Need to resolve the photon sinks, i.e. Lyman limit 
systems, NHI ~ 1018 cm-2

• Before reionization:

n L ~ 1018 cm-2, n ≳ 10-4 cm-3 (<n> at z~10)

 L ≲ 10 kpc

 Box size < 100 cMpc for 10003 particles

• After reionization (JS 01):

 L ~ 10 kpc

• In molecular clouds (relevant for escape fraction) 

n L ~ 1018 cm-2, n ≳ 102 cm-3

 L ≲ 10-2 pc

The sizes of photon sinks



• The warm interstellar phase requires:

- Particle mass ≪ 107 M


- Spatial resolution ≪ 1 kpc

• Molecular clouds (nH > 10 cm-3, T < 102 K) require: 

- particle mass ≪ 103 M


- spatial resolution ≪ 10 pc

• Convergence requires resolving the Jeans scales:

Resolving the Jeans scales



• Atomic coolers can be identified in a ~30 cMpc box

• Molecular coolers can be identified in a ~3 cMpc
box (or zooms)

• Both types of simulations resolve: 

– The sizes of intergalactic sinks before and after 
reionization

– The Jeans scales in the warm ISM

• Only the small box marginally resolves the lowest-
density cold ISM

 Radiative losses not or not well resolved

• Neither type resolves the mean free path inside
molecular clouds

 Escape fraction not or not well resolved

Consequences of 
resolution requirements:



• Box size smaller than

– Resolution of 21cm experiments

– Mean free path after reionization

– Inverse of number density of observed massive
objects

• Cannot predict efficiency of stellar feedback

 Need to calibrate subgrid feedback (to 
observed luminosity function)

• Cannot predict escape fraction

 Need to calibrate subgrid escape fraction (to 

reionisation history)

Consequences of 
resolution requirements:



Current simulations of the EoR cannot predict
from first principles:

• Galaxy mass and SFR functions

• Escape fractions

• Reionisation history

Consequences of 
resolution requirements:

However:

• Recalibration factors are modest: order unity

• Trends often robust



At z = 5 (final redshifts):

• M200 ~ 109 M


- 1012 M


• M* ~ 106 M


- 1010 M


• Gas particle mass ~ 102 M


- 104 M


• Baryonic force resolution ~ 0.1 - 1 pc

• DM force resolution ~ 10 pc

FIRE zooms of individual galaxies

However:

• Not directly calibrated

• No full radiation hydrodynamics

Ma+  (2017)



FIRE zooms of individual galaxies
Galaxy mass function at z=6

Ma+  (2017)



Bursty SF

FIRE zooms of individual galaxies

Ma+  (2017)



Galaxies are clumpy  observed sizes 

increase with decreasing SB limit

FIRE zooms of individual galaxies

Ma+  (2017)



The Aurora project

Pawlik, Rahmati, JS+  (2017)

• Spatially adaptive, accurate radiation 
hydrodynamics with TRAPHIC (Pawlik & JS ‘08, ‘11)

• Cosmological simulations, box size up to 100 Mpc

• Up to 2x10243 particles, equivalent to ~26,0003

uniform grid

• Highest resolution ~1 ckpc ~ 102 pc, ~3x105 M


• For each resolution and box size:

o Subgrid stellar feedback calibrated to z=7 SFR function

o Subgrid escape fraction calibrated to achieve reionization
at z = 8.3

• Supernova feedback and photoheating individually 
turned on and off



The Aurora project

Pawlik, Rahmati, JS+  (2017)



Evolution of the SFR function

Pawlik, Rahmati, JS+  (2017)



Reionization history

Planck Collaboration (2016)

Pawlik, Rahmati, JS+  (2017)



Effects of supernovae and photoheating

Pawlik, JS & Dalla Vecchia (2015)

z = 7

Photoheating

Galactic winds



Reionisation history: Feedback and resolution

Winds reduce SFR, but increase escape fraction

Pawlik, JS & Dalla Vecchia (2015)



Clumping factor: Effect of feedback

Winds increase clumping factor, 
Photoheating decreases clumping factor

Pawlik, JS & van Scherpenzeel (2009)

Pawlik, JS & Dalla Vecchia (2015)



The distribution of mean free paths

Rahmati & JS (2017)



Where does the MFP end?

Neutral fraction

Rahmati & JS (2017)



Overdensity

Where does the MFP end?

Neutral fraction

Rahmati & JS (2017)



The mean free path near galaxies

After reionization

Rahmati & JS (2017)



Before reionization

The mean free path near galaxies

After reionization

Rahmati & JS (2017)



Conclusions
• Cosmological simulations cannot predict the SF 

history, fesc , or reionization history

• Need to calibrate stellar feedback and subgrid fesc

• Photoheating has both negative and positive
effects on reionization

• Spatially adaptive simulations are starting to
capture the effects of photoheating

• Galactic winds increase the escape fraction

• Clean separation as a function of mass between
the effects of winds and photo-heating (but might
be affected by limited resolution)

• The MFP is not a single value and its distribution
differs near sources

• The Aurora simulations are publicly available


